Abstract-This paper presents a wide upper stopband dual-band bandpass filter (BPF) with controllable passband frequencies and bandwidths as well as a high out-of-band rejection level. The proposed filter is realized by utilizing a novel stepped impedance stub-loaded quad-mode resonator. All the four-mode equivalent circuits of the resonator are quarter-wavelength stepped impedance resonators (SIRs), and their fundamental resonance frequencies are used to form the passbands, so the designed filter has a compact circuit size. By controlling the impedance and length ratios of the stubs of the resonator, wide upper stopband performance is obtained. Hook-shape feed-lines and source-load coupling are applied to provide appropriate external coupling and generate three extra transmission zeros, which greatly improve the selectivity of the proposed filter. An experimental filter operating at 1.5 and 3.5 GHz is designed, fabricated, and measured for validation. The measured results have good agreement with the simulated ones.
INTRODUCTION
In modern wireless communication systems, multi-band microwave components are often required, and the dual-band bandpass filter (BPF) becomes a good candidate. Therefore, it is highly desirable to develop a variety of configurations to implement good performance dual-band BPFs with compact circuit size. Much research work has been done, and various design approaches have been presented. In [1] [2] [3] [4] [5] [6] [7] , stub-loaded resonators (SLRs) and stepped impedance resonators (SIRs) were used to constitute dual-band BPFs. In [8] , a dual-band BPF was constructed by cascading two E-type resonators. In [9] , two multi-mode resonators were connected together by a grounded via to implement a 3-order dualband BPF. All the dual-band BPFs presented above were designed using two or more resonators. For miniaturization, a variety of dual-mode resonators were proposed to design filters [10] [11] [12] . Many reports have been published about dual-mode dual-band BPFs [13] [14] [15] [16] [17] [18] [19] , in which the first harmonic even-and odd-mode are utilized to form the second passband, thus leading to both passbands dependent on each other which is undesirable.
In this paper, a novel stepped impedance stub-loaded quad-mode resonator is proposed, and a dual-band BPF is designed using the four fundamental frequencies of the resonator. The fundamental frequency of each mode can be tuned freely by changing the corresponding physical dimensions and the higher harmonics can be adjusted over a wide range by changing the impedance and length ratios. So the passband center frequencies and bandwidths of the filter can be controlled independently, and a wide upper stopband can be obtained. Hook-shape feed-lines and source-load coupling are employed to generate three extra transmission zeros (TZs) to achieve good selectivity. Finally, a practical dual-band BPF operating at 1.5 and 3.5 GHz is designed, fabricated, and measured. The measured results validate the proposed design. Figure 1 depicts the proposed stepped impedance stub-loaded quad-mode resonator, which contains four identical stepped impedance stubs at the two sides and a short-ended stub at the symmetry plane of the resonator.
ANALYSIS OF THE PROPOSED QUAD-MODE RESONATOR
Due to its symmetry, even-odd-mode method is applied to analyze the resonance characteristics of the proposed resonator. Under even-mode excitation, the symmetry plane AA can be modeled as a magnetic wall, the short-ended stub is bisected and the width is half what it was. The even-mode equivalent circuit is shown in Figure 2(a) . Under odd-mode excitation, the symmetry plane AA behaves as an electric wall, and the short-ended stub is ignored. The odd-mode equivalent circuit is shown in Figure 2 
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Model o2 with the relationship of There are λ/4 SIRs in all the four modes, and their resonance conditions can be easily deduced as follows:
(2) where R Z and α are the impedance and electrical length ratios defined as:
According to (1) , the ratios of the first harmonic frequency f to the fundamental frequency f are illustrated in Figure 4 . It can be seen that the ratio f /f can be adjusted over a wide range, which favors designing a wide upper stopband BPF using the fundamental frequencies.
FILTER DESIGN, FABRICATION AND MEASUREMENT
In the above section, the resonance characteristics of the proposed quad-mode resonator are theoretically analyzed. Using this, a dual-band BPF based on the quad-mode resonator was designed. In order to constitute a dual-band BPF using a single proposed quad-mode resonator, two identical resonance frequencies f e2 and f o2 have to be split to realize the passband effect. Here, two stubs were folded inward to introduce stub-stub coupling, as shown in Figure 5 . It can be observed from Figure 6 that the two identical resonance frequencies f e2 and f o2 are separated.
Stub-stub coupling Source-load coupling Figure 5 . Layout of the proposed dual-band BPF. The strength of stub-stub coupling can be tuned freely by the gap g 1 . Two TZs are generated by stub-stub coupling and the four modes are separated into two groups, so that there are two modes in each passband, f e1 and f o1 form the lower passband, and f e2 and f o2 form the upper one.
Through the analysis, both the two passband center frequencies and in-band coupling strengths can be independently controlled by tuning the corresponding physical dimensions. The center frequency of the first passband can be tuned by L 3 , and the bandwidth can be adjusted by L 4 . The center frequency of the second passband can be controlled by L 1 and L 2 , and the in-band coupling strength can be changed by the gap (g 1 ) between two folded stubs. To achieve a wide upper stopband, here, f /f is set to be 4.5 as a design example, and the values of α = 0.43 and R Z = 0.28 are obtained from Figure 4 .
As shown in Figure 5 , the hook-shape feed-lines and source-load coupling are adopted to provide appropriate external coupling and achieve high selectivity. For validation, an example dual-band BPF operating at 1.5 and 3.5 GHz was designed, fabricated and measured. The simulation and optimization were carried out using Zeland IE3D software, and the dimensions are determined as follows (all in mm): is introduced by source-load coupling, which can be controlled by the gap g 2 . The TZ 2 and TZ 5 are generated by stub-stub coupling, and they can be tuned by the gap g 1 . The TZ 3 and TZ 4 are produced by the hook-shape feed lines. Among them, TZ 3 is created due to the total length of hook-shape lines being λ/4 at this frequency and TZ 4 is created by the coupling between the feed lines and the resonator [20] . The measurement was performed on an Agilent 8719ES network analyzer. The measured two passband center frequencies were 1.495 and 3.5 GHz with 3 dB fractional bandwidths of 11.7% and 9.8%. The measured insertion loss was 0.96 and 1.24 dB at the center frequencies. The overall circuit size was 0.1λ g × 0.12λ g , where λ g is the guide wavelength of the first passband. The upper stopband was extended up to 6.45 GHz (4.3f C1 ) with rejection greater than 20 dB. In addition, the filter has five TZs at 0.76, 2.04, 2.58, 3.0, and 5.15 GHz with rejection of 75, 51, 65, 45 and 55 dB, respectively. Finally, Table 1 is provided to compare the proposed dual-band filter with those in [1, 8, 14, 15] in terms of a few key parameters. It is observed that the proposed filter in this paper occupies smaller size, exhibits better performance in passband and has more transmission zeros.
CONCLUSIONS
In this paper, a novel stepped impedance stub loaded quad-mode resonator is proposed. Each equivalent circuit of the four modes is a λ/4 SIR, so the resonator has a compact size and controllable higher harmonics. Based on the proposed resonator, a dual-band BPF (1.5/3.5 GHz) with wide upper stopband was designed. Hook-shape feed lines and source-load coupling were designed to provide appropriate external coupling and generate extra TZs. The designed filter exhibits very good in-band performance and high selectivity. Moreover, its frequencies and bandwidths can be individually adjusted. Therefore, the proposed filter will be attractive in multi-band wireless communication systems.
